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The thermal treatment structural behaviour of amorphous selenium (a-Se) films as obtained by 
a low-temperature photodeposition process was studied. Differential scanning calorimetry 
(DSC) measurements were used to obtain detailed information regarding the structural 
changes in the temperature range of - 50-250 ~ Our understanding of the crystallization 
behaviour was also aided by scanning electron microscopy (SEM) and X-ray diffraction 
analysis (XRD). The results were compared to other observations made on structural 
transitions of a-Se obtained traditionally by high-temperature processes such as quenching 
from the melt and vacuum deposition. Comparing the DSC thermograms clearly shows that 
the low-temperature photodeposition process gives a different structural transition behaviour 
of a-Se during thermal crystallization. Specifically new transitions were observed structurally 
in the temperature range 80-1 60 ~ 

1. In troduct ion  
Selenium in its solid state phase co-exists at room 
temperature in four different allotropic forms: ~- 
monoclinic, 13-monoclinic, h c p-hexagonal (trigonal) 
and amorphous [l-4].  The red amorphous selenium 
(a-Se) phase is obtained by chemical [5], electro- 
chemical [6] or vacuum deposition processes [7-9]. It 
has also been reported that a-Se is unstable at temper- 
atures above 30 ~ where it undergoes a glass trans- 
ition [3, 5] and even grey crystalline Se is partially 
formed [9]. Also a-Se crystallizes above room temper- 
ature to the hexagonal crystalline allotrope at various 
time rates. Several crystallization onset temperatures 
have been reported in the literature in the range 
30-130 ~ [10] but they were never properly defined, 
since, for every investigated case the phase transition 
or structural change was dependent on many factors, 
such as impurity agents and their relative concentra- 
tion [10]. The thermal treatment period and the 
preparation procedure of the a-Se samples are also 
examples of the multitude of factors involved in the 
crystallization rate and its onset temperature. Besides 
being of theoretical interest, the topic of amorphous to 
crystalline transformation has recently received much 
attention due to several novel scientific and technolo- 
gical applications, mainly in the domain of nonmagne- 
tic recording media. Many of the previous works on 
the crystallization kinetics of a-Se were motivated by 
the Xerographic industry which was interested mainly 
in a-Se layers which were highly resistant to crystal- 
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lization. In recent years, however, such transitions 
have also found applications in the new emerging 
technology of optical recording [11]. 

2. The microstructure  of the solid 
phase of Se 

It has already been established [7] that selenium in the 
molten or liquid state structurally consists of a mix- 
ture of 30-50% Se8 rings and Sex chains of various 
lengths which are in thermal dynamic equilibrium. 
Quite generally, the ring number and average chain 

length decrease as the temperature is increased. This is 
the reason why various quenching processes of a-Se 
from the melt result in different ring and "chain pro- 
portion in the solid phase [1]. Similarly, one might 
also expect significant differences in the relative pro- 
portion of Se 8 rings and Se~ chains for vacuum evap- 
orated films as compared to chemically deposited 
a-Se films which are prepared at low temperatures. 
The photodeposition of a-Se [13] can be classified 
accordingly as a low temperature deposition process, 
since it involves precipitation and colloid aggregation 
in aqueous solutions. Structural investigations have 
shown [4] that selenium chains join to form the 
hexagonal (trigonal) crystalline phase. This process 
occurs predominantly at relatively high temperatures, 
above approximately 120~ while rings form the 
monoclinic ~ and 13 crystalline phases at low temper- 
atures such as room temperature or lower. It was also 
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reported that the glassy or amorphous phase consists 
of various mixtures of these two microstructures, i.e. 
rings and chains. However, unlike the molten state, 
they are not supposed to be in thermal equilibrium but 
rather in a frozen metastable state created by the 
specific quenching [3] method of solidification used. 

The chain microstructure consists of atoms ar- 
ranged in helices which in the trigonal crystalline 
phase are oriented along the c-axis of the elementary 
cell [14], each forming covalent bonds with nearest 
neighbours so that each atom has an octet of valence 
electrons. The chains are held together by the relative 
weak Van-der-Waals forces and the cleavage planes 
are parallel to the chain axis. This structure is highly 
unisotropic, as would be expected from the two types 
of bonding, perpendicular and parallel to the c-axis. 
The helical chain is surrounded by six nearest neigh- 
bout helices located at the six corners of a hexagon, to. 
yield a 3-dimensional structure. The intrachain is 
much stronger than the interchain bonding but the 3- 
dimensional hexagonal crystal is still believed to be 
stabilized predominantly by the weaker Van-der- 
Waals interchain forces. This conclusion was drawn, 
for instance, from the pressure influence [4, 14] which 
leads to a lower electrical resistivity, presumably due 
to closer packing of the crystalline structure. The 
structure of 0~-monoclinic crystals [15] is quite differ- 
ent. The basic unit is a Se 8 ring molecule, four such 
molecules forming a unit cell. The 13-monoclinic is 
different from the s-phase only in a modified stacking 
pattern resulting in different interatomic distances 
[15]. Radial distribution analysis [7, 16] has sugges- 
ted that conversion of the selenium from ring to chain 
symmetry occurs by ring opening. From such consid- 
erations, it can be concluded that rings are probably 
created either at very low temperatures or in the 
molten state. Otherwise, the rings are more prone to 
opening leading to the chain structural form. 

2.1. Scanning electron microscopy : structural 
analysis of the photodeposited films 

The photodeposited a-Se films were analysed .struc- 
turally by SEM at various stages of the photodepos- 
ition process and described previously [17]. In Fig. 1, 
we show only the freshly-obtained film structure and 
those which are subsequently partially crystallized by 
thermal treatments. An amorphous structure is ob- 
served in Fig. la while individual fiexagonal micro- 
crystals can be seen in Fig. lb. The crystallization in 
this case was initiated by heating the amorphous film 
to a temperature of 70 ~ It was observed that only 
grey hexagonal crystallization occurred. 

2.2. X-ray diffraction analys is  
This method was used to observe the crystallinity of 
thermally-treated specimens of a-Se films. Two typical 
XRD diffractograms are shown in Fig. 2. Fig. 2a re- 
lated to an untreated film which is also shown in 
Fig. la. Fig. 2b relates to the same specimen after 
thermal treatment in which one may observe the 
appearance of well defined peaks which pertain to the 
crystalline hexagonal phase. Actually, since the peaks 
are rather broad, it indicates that the film is only 
partially crystallized as one can also see from Fig. lb. 

2.3. Differential  s c a n n i n g  ca lor imetry  
Red amorphous selenium material was photodepos- 
ited on glass substrates using the usual procedures 
described earlier 1-18]. A Du Pont 1090 Differential 
Scanning Calorimeter (DSC) was used for the dy- 
namic heating experiments. All samples were scraped 
from the glass substrate and inserted in small, sealed 
aluminium pans. Typical charges used were about 
10-20 mg. It was immediately observed that the DSC 
scans obtained from the as-photodeposited films were 

Figure 1 (a) SEM microstructure of a thin film sample of a-Se as-obtained by the photodeposition process at 10 ~ Half of the picture shows 
a discontinuous film which consists of partially merged spheroidal islands; (b) A SEM picture of partially crystallized amorphous film. Note 
the formation of needle shaped hexagonal crystallites within the amorphous phase. 
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Figure 2 (a) XRD scan of an amorphous Se film obtained by photodeposition; (b) XRD scan for a partially crystallized a Se film formed by 
heating an amorphous sample to 70 ~ 

different and of  a complex peak structure as compared  s 
to rescanned samples performed after cycling the tem- 
perature linearly from - 50~ to 250~ Hence, it 0 
was decided to take subsequent thermographs  by 
using several cooling rates while keeping the heating _ 
rate at a constant  of 5 ~ m i n -  1. In Figs 3, 4 and 5 we ~ -5 
show a sequence of three thermographs  with different 
thermal  t reatment  history. The D S C  trace in Fig. 3 ~-10 
was obtained for a virgin-photodeposi ted a-Se sample ,-g 
which was precipitated at 10~ and kept at room -15 
temperature for several days. Several other  virgin 
samples, run th rough  the same range of temperatures,  
gave basically the same complex patterns as shown in -z0 -50 
Fig. 3. Quite generally we observe the occurrence of 
one endotherm peak at T EN -~ 47 ~ Then two ex- 
otherms follow at T Ex ~- 95 ~ and at T Ex -- 154~ 
and finally a sharply defined endotherm peak at 
T EN ~- 222 ~ Two addit ional shoulders are also ob- 
served between 115-140 ~ Such a thermal behaviour  
of a-Se  material  is interesting since no such complex 
peaks have ever been reported [19, 20] or observed for 
a -Se  material  obtained by high temperature quell- 
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Figure 3 DSC thermogram for a photodeposited a-Se sample at 
10 ~ weight: 15.8 mg; scan rate; 5 ~ min 1. 
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Figure 4 DSC thermogram of the sample in Fig. 3 after quenching 
from 250 to - 50 ~ at a rate of 5 ~ min- 1 
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Figure 5 DSC thermogram of the sample in Fig. 4 after quenching 
from 250 to - 50 ~ at a rate of 50 ~ rain- 1. 

ching or  vaccum deposit ion methods.  In fact, the DSC 
thermograms of vacuums a-Se  films only exhibit one 
small endothermic peak at about  46 ~ and a simple 
b road  exothermic peak at about  120 ~ [19]. However  
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for thermally treated samples such as the DSC traces 
of Figs 3 and 4, are similar to those published in the 
literature 1-19, 20]. Since Fig. 4 includes one endother- 
mic peak and one exothermic peak before the melt, it 
seems that this thermal quench creates a very similar 
structure to the vacuum deposited films. Also, the 
complex feature exhibited in the DSC thermograms of 
Fig. 3 could not be reproduced by any subsequent 
thermal treatments. This points out the very import- 
ant result that low-temperature deposition processes 
create a very special microstructural combination of 
chains and rings which is destroyed as soon as one 
cycles the temperature up to the melt. Finally, we 
observe in Figs 3, 4 and 5 the sharp endothermic peak 
at about 220 ~ the melting point of selenium. 

3. D i s c u s s i o n  
The DSC thermograms given in Figs 3, 4 and 5 show 
the effect of thermal treatment on the structural prop- 
erties of a-Se as obtained by the low-temperature 
photodeposition process. Quite general features are 
exhibited in Fig. 3 which shows complex a-Se trans- 
formation steps in the crystallization temperature re- 
gion prior to its melting at 220 ~ In Table I we 
present all the important endothermic and exothermic 
transition parameters for the thermograms given in 
Figs 3, 4 and 5. Onset temperatures Tonse t are deter- 
mined in the usual manner from the intercept of the 
extrapolated base and a line drawn tangentially to the 
transition portion of the curve at maximum slope. The 
peak temperatures Tpeak are obtained for the same 
transitions wherever there is a well defined peaked 
curve. Finally, the heats of transitions, AH, in (J g-  ~) 
are obtained from the integral of the curves for every 
transition peak taken from the baseline. 

It is simpler to analyse the endotherm at T = 222 ~ 
first, since we can clearly relate it to the melting 
process which has been observed in many works at 
about T~ ~- 220 ~ The transition heat from Table I 
gives about 0.047 (eV atom- ~) or 1.09 (kcal tool- 1). At 
this temperature those values mean that every Se atom 
requires on average about -~ kT energy to transform 
to the liquid form. It is also easy to recognize the 
endothermic transition peak at T--- 47 ~ since it is 
very close to the glass transition peak given in several 
papers [3, 5, 19-21] in the range T~ - 30-47 ~ Ac- 
tually, it has been shown that T, depends on the 
thermal treatment or material preparation procedures 
and one may also attribute some of the differences to 
the definition of the glass transition temperature on 
the DSC curve. The calculation for the average trans- 
ition energy gives about 0.002 (eV atom-~) or 0.044 
(kcalmol -~) for this endothermic transition. This 
value is about (1/14)kT per atom for the softening 
process of the glassy Se through T,. Such a small heat 
content means that an average chain length of about 
14 atoms is able to absorb enough thermal energy to 
allow the new structural adjustment needed to acquire 
the new degree of freedom, above Tg. It may also be 
possible that at this temperature only the ring mem- 
bers of the a-Se mixture acquire this new degree of 
freedom and not the long chains which contain about 

1772 

.= 

.~= 

8 

8 
�9 
>-  

m 

8 
,sZ 

..= 

z 
O 

r; 

t.. 

I 

, x :  

= 

t 

- %_. 

i 

~ % . . .  

eq  
tr tr tt3 

~ e q r q  

? 
r 
r 

~ e E c q  

? 

r ~ r 

? 

o 



105 atoms each [12]. Such a long chain is obviously 
too large to allow significant chain movement at such 
a low temperature. This hypothesis is strengthened 
further by the observation that in Fig. 4 the glass 
transition is almost negligible, as if no softening of the 
glassy matrix occurs through T "~ 46 ~ For this spe- 
cific structural transition, the low quenching rate of 
5 ~ min- a gives an average transition energy of only 
about (1/200)kT per atom which may mean that the 
ring population is scarce as compared to the virgin 
sample. How'ever, for the fast quenching experiments 
such as the one given in Fig. 5 we again obtain heat 
transitions of about (1/16)kT per atom at Tg, very 
close to the value obtained for the virgin-photodepos- 
ited samples. Hence, we observe that reversibility of 
the Tg transition can be achieved only for fast quen- 
ching rates of 50 ~ rain-a or more. Such a T, trans- 
formation behaviour may obviously be of interest in 
bistable memory devices such as optical storage de- 
vices in which lasers may write/erase several times a 
pixel in a Se film array by thermally creating or 
destroying the endothermic peak at Tg, see Figs 4 
and 5. 

The next two exotherms in Fig. 3, at T Ex -~ 95 ~ 
and T Ex -~ 154 ~ are probably related to the crystal- 
lization process of a-Se. The high-temperature trans- 
ition peak at T Ex -~ 154 ~ is surely the crystalline 
transition process to the hexagonal phase since any 
sample beyond this point is converted to the easily- 
recognized grey crystalline film. The surprising result, 
however, is the transition which occurs at 
TEX-- ~ 95~ and the shoulders between those two 
peaks. 

First, we observe that such a complex thermogram 
has never been obtained before [19, 20] and even our 
quenched samples do not exhibit this pattern after the 
first temperature cycling up to the melting point, see 
Figs 4 and 5. The average value of T Ex and T~ x 
actually give a value of about 124 ~ which is given in 
the literature as the crystallization temperature for 
one peak crystallization exotherm, [19]. As compared 
to the crystallization peak in [19], Figs 4 and 5 have 
the maximum of the transition peak shifted slightly to 
higher temperatures of 136 and 133 ~ respectively, 
which are close enough to 120 ~ to identify them as 
the crystallization transformation to the hexagonal 
phase. Hence, we observed in this investigation that 
only the thermally-treated sample DSC thermograms 
look similar to thermograms of a-Se obtained by 
vacuum processes. The very low temperature ex- 
otherm at T Ex'~ 95~ obviously pertains to some 
form of early crystallization or reordering of the a-Se 
material as obtained by photodeposition. Since it has 
such a distinct sharp profile, it may be connected, for 
example, to a different type of crystallization such as 
to the ~ or [3-form which are known to require less 
packing order as compared to the hexagonal phase. 
Also, the hexagonal phase needs a higher thermal 
energy to allow reordering of the softened amorphous 
phase to the closely packed trigonal form. How such a 
difference in the mechanism of the crystallization may 
occur at T Ex as compared to T~ x we may gather from 
the following reasons. Crystallization is a heteroge- 

neous reaction which occurs at the phase boundaries 
and usually consists of two consecutive events. The 
first consists of atomic or molecular diffusion to the 
phase boundary and the second is the crystallization 
at the boundary [22]. Now the first crystallization 
peak occurring at TIE x = 95 ~ can be assigned to ring 
members which acquire enough energy to diffuse to 
the crystallization sites. It also seems to occur more 
favourably for the as-photodeposited material - hence 
ring diffusion seems to be more easily facilitated as 
compared to the quenched samples. We therefore 
speculate that since the monoclinic phase of a-Se only 
consists of closed rings [23], as compared to the 
trigonal phase which consists of parallel helical chains, 
the diffusion limited crystallization first causes mono- 
clinic crystallization observed at TEx----95~ and 
only at the higher temperatures do the helical chains 
become free to diffuse and allow crystallization of the 
hexagonal phase. Also, it is possible that the rings only 
need rotational structural re-adjustment to crystallize 
to the monoclinic form while the helical chains also 
need translational motion to allow hexagonal crystal- 
lization to take place. We then expect that the heating 
and quenching procedures change the relative popula- 
tions of rings and chains in the amorphous structure. 
We can also determine quantitatively the relative 
percentage crystallinity for the samples before and 
after the two quenching procedures. The DSC method 
for determining the percentage crystallinity of a semi- 
crystalline material is based upon the measurement of 
the heat of fusion AH. The equation we used is 

A AH 
C -= Percentage crystallinity = AH ~ x 100% 

(1) 

This equation relies on the reasonable assumption 
that AH is proportional to the percentage crystallinity. 
For trigonal Se the heat of fusion [1], AH* is 1490 
cal mol- 1 hence, using the data in Table I we obtain 
the following results for the crystallinity of the samples 
whose DSC scans are given in Figs 3, 4 and 5: 

C1 = 73.4%; Cz = 65.8%; C3 = 66.5% 

This shows that the crystallinity or ordered degree of 
the virgin-photodeposited sample is considerably 
higher, by about 12%, as compared to the quenched 
or annealed samples. 

4. Conclusion 
The crystallization behaviour of amorphous selenium 
films obtained by the low temperature photodepos- 
ition process was examined. As-obtained samples pro- 
duced DSC thermograms with features not previously 
observed for vacuum deposited a-Se films or quen- 
ched from the molten phase. We have carried out 
quenching and annealing processes with interesting 
results. The quenched specimens thermograms were 
quite similar to those obtained by high temperature 
processes. On the other hand, the specimens cooled 
slowly exhibited a very small glass transition peak. 
These features are important in understanding the 
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relative role of ring and chain members in the crystal- 
lization behaviour of a-Se. 
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